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Abstract 
Small-scale farmers in South-East Asia face serious challenges in 
agricultural productivity, food security and environmental degradation. 
Complex Rice Systems (CRS) entail an integrated farming approach that 
combines new technologies with traditional practices and knowledge to 
sustainably increase agricultural productivity. A field experiment was 
conducted to evaluate the potential of CRS by adding rice, fish, ducks and 
border crops to rice fields in Lima Puluh Kota (West Sumatra, Indonesia) 
to improve rice productivity and dietary nutrient supply. The treatments 
were: conventional rice (CON), organic rice (ORR), organic rice with 
border crops (ORB), organic rice with fish (ORF), organic rice with ducks 
(ORD), and organic rice with ducks, fish, and border crops (CRS). The 
experiment resulted in improvements in growth, development and yield of 
rice in CRS and ORD compared to other treatments. Despite elevated 
costs, treatments with ducks also resulted in a higher gross margin than the 
other treatments. CRS produced the most diverse nutritional composition, 
and higher nutritional value compared to ORD. It was concluded that CRS 
can contribute to higher rice yields, improved farm income and more 
diversified diets, and thus providing a comprehensive approach to improve 
livelihoods and food security of small-scale farmers. 
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Transitions to more sustainable food production systems in South East Asia are required 
to support small-scale farmers who are facing challenges in agricultural productivity, 
food security and environmental degradation; key targets to attain various of the 
Sustainable Development Goals (SDGs) by 2030 (Cassidy et al. 2013; Fan and Brzeska 
2016). Challenges in food security also call for a diversification of the diet towards a 
more balanced nutrient composition, emphasising not only dietary energy intake but 
also macro- and micro-nutrients (DeFries et al. 2015; Muttarak 2019). Diversifying food 
and diets also include the already existing double burden of malnutrition in Asia 
(Delisle and Batal 2016). Undernutrition and obesity appear concurrently due to 
regional differences in economic development, urbanisation and agricultural 
transformation (Muttarak 2019). Finally, conventional production systems based on 
monocultures and agrochemical use tend to generate various environmental hazards 
including land degradation, soil and water pollution, greenhouse gas emissions, 
biodiversity loss and health-related problems associated with pollution and food safety 
(Carvalho 2006; Hoering 2011; Richter et al. 2015; Sharma and Shinghvi 2017). 
Rice-based systems are central to the livelihoods and food security of millions of 
rural farmers. In South Asian countries, rice not only constitutes a large proportion of 
calories and protein consumption, but it also contributes considerably to the regional 
Gross Domestic Product (Biswajit et al. 2013; Asian Development Bank 2013). In 
Indonesia, rice consumption accounts for more than 100 kg person-1 year-1 (FAO 2002). 
Under the current rice consumption patterns, population dynamics and climate 
uncertainty, current and future food security in Indonesia is vulnerable. For example, 
extreme weather events can drastically affect the rice production (Khumairoh et al. 
2012; 2018).  
Small-scale farmers need to increase food quantity, nutrition and diversity in 
rice-based systems to be more resilient to potential local and global disruptions. In 
Indonesia, intensification of agriculture during the Green Revolution boosted rice yields 
between 1970s-90s by high input use (artificial fertilisers, herbicides and pesticides), 
improved irrigation and the use of modern rice varieties (FAO 1997). However, rice 
production fell when farmers could no longer afford agro-chemicals as the purchasing 
power of the country collapsed during the Asian financial crisis by the end of the 1990s 
(Satu Data Indonesia 2016; Statistics Indonesia 2016). Rice yields have also been 
strongly affected by extreme weather events during the period 2010 to 2016 (Ministry 
of Agriculture 2016; FAO 2016). In addition, the dominance of rice can result in an 
unbalanced diet with high supplies of energy and carbohydrates, but limited amounts of 
other essential nutrients and vitamins (Juliano 1993). Therefore, malnutrition due to 
lack of protein, iron, vitamin A as well as iodine can lead to nutrient deficiencies and 
disorders that are common in rice producing countries (Kennedy et al. 2002). 
Alternative rice-production systems that provide more abundant and nutritious 
food should also account for potential trade-offs in other limited household resources 
such as financial capital and labour. For example, organic rice production systems have 
been proposed to solve some of the environmental and health-related problems 
mentioned above. However, bulky organic fertilisers (e.g. compost) might have low 
nutrient quality and require more labour for transportation and application. By not using 
herbicides and pesticides, organic management may also increase labour requirements 
to control weeds and pests that can reduce rice yields and agricultural income. An 
alternative to reduce these potential trade-offs is to combine traditional and new 
practices and technologies that allow more diverse, integrated and sustainable food 
production. 
More diverse and integrated farming can improve the overall productivity of 
rice-based systems enhancing small-scale farmers livelihoods and the sustainability of 
the agroecosystem. The integration of rice and animal production resulted in increased 
rice yields, improved soil health, suppression of pests, weeds, and diseases (Cagauan et 
al. 2000; Men et al. 2002; Hossain 2005; Zhang et al. 2009a; Zhang et al. 2009b; Pin et 
al. 2012; Long et al. 2013; Teng et al. 2016), reduced greenhouse gas emission (Li et al. 
2009; Long et al. 2013), promoted N fertiliser use efficiency (Cheng-Fang et al. 2008; 
Long et al. 2013), and improved water quality (Da et al. 2015) and soil biodiversity 
(Teng et al. 2016).  
A recently tested integrated farming approach is the Complex Rice Systems 
(CRS), which aims to produce more food, improve nutrition and enhance sustainability 
by combining new technologies with traditional practices and knowledge. The main 
focus of CRS is to manage the agroecological processes in plant-animal polycultures by 
combining fish, ducks and other agricultural components to promote higher productivity 
while eliminating inputs of agrochemicals (Khumairoh et al. 2012; 2018). Previous 
experiments have demonstrated the potential of CRS to increase rice yields and farm 
income, while reducing agrochemicals inputs compared to conventional and organic 
monocultures (Khumairoh et al. 2012; 2018). However, the performances of CRS can 
vary from place to place depending on the social-environmental context. Additionally, 
impacts of CRS on dietary micro and macronutrient production have not been 
elucidated yet. The objective of this study was to test and quantify the potential 
economic and dietary benefits of CRS compared to other rice production systems in 
Sumatra, Indonesia. This study used a field experiment to measure and compare 
indicators for food quantity and nutrition, agricultural productivity, farm income and 
labour of six different rice-production systems in a small-scale farming region in 
Indonesia. 
 
Materials and methods 
Experimental site 
A field experiment was conducted between July until December 2017 at Mungka, Lima 
Puluh Kota Regency, West Sumatra province in Indonesia. The regency is located 
between 0°25'28,71'' LU and 0°22'14,52'' LS and between 100°15'44,10"- 
100°50'47,80'' BT with total area of 3.354 km2. The altitude of the site is approximately 
550 m above sea level with an average temperature of 26.7°C (Pemkab Lima Puluh 
Kota 2015). Annual precipitation of Limapuluh Kota is approximately 2500 mm per 
year with 5 – 6 wettest months (October – April) (Statistics Indonesia 2015). The rice 
farming practice in this area includes cultivating rice 2.5 times per year without rotation. 
Chemical inputs such as chemical fertilisers and pesticides are important parts of the 




The experiment was performed for one rice cropping cycle from August 2017 to 
December 2017. The experimental design was a Randomised Complete Block Design 
with six treatments and three replicate blocks. The treatments were: 1) conventional rice 
(CON); 2) organic rice (ORR); 3) organic rice with border crops (ORB); 4) organic rice 
with fish (ORF); 5) organic rice with ducks (ORD); and 6) the organic complex rice 
system with ducks, fish, and border crops (CRS). Each experimental plot had an area of 
about 140 m2 (ranging approximately 12-16 m long and 9-12 m wide). Every plot was 
surrounded by dikes. Land clearing and construction of dikes were done to prepare the 
experimental plots for this experiment. Dikes were used to prevent nutrient flows and 
animal movement from different treatments. Trenches were built to separate the blocks 
and to serve as water outlets. Water was piped in from one source via PVC pipes. 
Infrastructure such as fences, ponds, and duck houses were built on the treated plots. 
The rice (Oryza sativa) cultivar Junjung was used in all treatments. The planting 
date was 4 August 2017. Selected practices from the System of Rice Intensification 
(SRI) (Stoop et al. 2017) were used as a cultivation method for all the systems (using 
young seedlings (10 days after sowing), wider plant distances and planting one seedling 
per hill). However, the intermittent irrigation principle was not strictly implemented. 
The rice field was flooded from when the rice was young (3-5 cm during the tillering 
phase and approximately 10 cm after panicle initiation until rice ripening stage).  The 
Legowo 4:1 method was used to establish the planting arrangement for all systems 
(Kartika et al. 2018). The Legowo method is a pattern of rice planting that leaves one 
row empty for every four rows planted, while the density in the outer rows is increased.   
For fertilisation and other input use, CON represented the current conventional 
practices in the region and in this experiment the inputs included: 100 kg of nitrogen ha-
1 from urea and phonska was split into two applications (50% on the day of rice 
transplanting and 50% at 45 days after transplanting). Phonska is a compound fertiliser 
containing nitrogen, phosphorus, and potassium (N:P:K = 15% :15% :15%) while urea 
is a single nitrogen fertiliser containing 46% nitrogen). Insecticide (imidacloprid) and 
fungicides (mancozeb and carbendazim) were each applied three times, prophylactically 
to control pests and diseases. In the organic rice treatments (ORR, ORB, ORF, ORD, 
and CRS), the chemical fertiliser inputs were replaced by an organic fertiliser. For these 
systems, a compost (containing nitrogen, phosphorus, and potassium) made from 
fermented cow manure, sawdust and husk was used to fulfil the nutritional requirements 
of plants. The amount of the compost applied to the organic rice plots was equivalent to 
the nitrogen amount applied in the conventional plots (100 kg N ha-1). Additionally, 
extracts of garlic (Allium sativum) and ginger (Zingiber officinale) and wood ash and 
salt were used to control pests and diseases in these systems (Lengai et al. 2017; Rinaldi 
et al. 2019). The ORB system combined organic rice cultivation with the additional 
border crops sunn hemp (Crotalaria juncea) and long beans (Phaseolus vulgaris) grown 
on the dikes. Sunn hemp and long beans can enrich the soil with symbiotically fixed 
atmospheric nitrogen, and, in this experiment, they were also intended to attract natural 
enemies for pest control. Seeds of the border plant seeds were sown 15 days before 
transplanting the rice. In ORF, a combination of Nile tilapia (Oreochromis niloticus) 
and common carp (Cyprinus carpio) was introduced to control pests and weeds at a 
density of 5000 fish ha-1. The fish were 3-months old and 8-12 cm in length. Trenches 
were created surrounding and in the middle of the plots, which were connected to the 
pond, allowing fish to go to the pond when the field water was not sufficient for the 
fish. Ponds of 10 m x 1 m x 0.5 m in size were built inside the ORF and CRS plots. The 
fish fingerlings were kept for one month in these ponds before being released to the rice 
field two weeks after transplanting the rice (WAT). In the ORD system, organic rice 
cultivation was combined with ducks (Anas platyrhynchos; variety of Mojosary) at a 
density of 400 ducks ha-1 (Khumairoh et al. 2012). The ducks (1-month old) were 
released into rice fields at two WAT. A duck house was also built inside the ORD plot. 
Finally, the most complex system (CRS) was integrated with fish, ducks, and border 
crops in an organic rice system plot using the methods described above for the other 
organic rice treatments.  
 
Data collection 
Measurement of plants and animals 
Six rice plants per plot from three selected points were harvested at early tillering 
(28 days after transplanting (DAT)), maximum tillering (49 DAT), flowering (70 
DAT), and grain filling (84 DAT) (Fageria 2007). The sampling points are 
presented in Figure S1 of the Supplementary Material. These samples were used 
to determine plant height, tiller numbers, and leaf area index (LAI). An area of 
6.25 m2 of rice plants in the middle of the plot were used as yield and yield 
components measurement at harvesting times (105 DAT). The measured yield 
components were panicle number 6.25 m-2, grains panicle-1, and 1000 grains 
weight. Fresh weight of long beans, fish, and ducks were measured at the end of 
each cycle. 
Weeds and pests assessment 
Weeds were collected twice, at 21 and 42 DAT, in  from four randomly placed square 
areas (each 50 cm x 50 cm) to represent weeds in 1 m2. The weeds were washed, 
identified by species, and counted. Then, the weeds were oven dried at 70ºC for 48 
hours to determine the dry matter mass per species. Pests were recorded at 28, 49, 70 
and 84 DAT. Insects were collected using sweep nets between 6 a.m. to 8 a.m. The nets 
were swept from east to west back and forth 25 times along with a transect in the middle 
of two rows of rice plants in each plot. The insects were kept in a plastic bag containing 
70% alcohol, and then identified by species and counted. Snails were collected 
randomly in four sampling areas (each measuring 50 cm x 50 cm per plot) and counted.  
Labour input 
Labour input was recorded for each main component of each treatment: rice, border 
crops and animals (fish and/or ducks). The labour input included: preparation of the 
treatments; management and harvesting. Labour for preparation included: 1) soil 
preparation, rice seedlings and transplanting for all of the treatments; 2) border crops 
preparation in ORB and CRS; 3) pond preparation in ORF and CRS. Labour for 
management included: 1) application chemical fertiliser in CON, and organic fertiliser 
in ORR, ORF, ORD and CRS; 2) spraying pesticides and hand weeding in CON and 
bio-pesticides application and hand weeding in ORR; 3) long beans and sun hemps 
management in ORB and CRS; 4) fish management in ORF and CRS; and 5) ducks 
management in ORD and CRS. Finally, labour for harvesting included rice for all 
treatments and long beans for ORB and CRS. 
 
Data analysis 
Nutritional system yields 
The nutritional system yields (NSY) were represented as the potential number of 
persons (based on the dietary reference intake (DRI) of an average 30 year old male; 
Otten et al. 2006) that each treatment would cover to meet their needs for each of the 
selected nutrients in a year (DeFries et al. 2015; Estrada-Carmona et al. 2020). The 
nutritional composition was calculated for four agricultural products: rice grains, long 
beans, fish, and duck. This calculation was based on the yield of each product in each 
treatment and the USDA SR Legacy data on nutritional values (USDA 2019). With 2.5 
times cropping cycle a year, each nutritional value produced by each product was 
multiplied by 2.5. Then, the total nutrition composition for each treatment was summed. 
NSY included energy, fibre, macronutrients (proteins, carbohydrates) and 
micronutrients (Vitamin A, B, C and D, zinc, magnesium, phosphorous, iron). 
 
Economic performance 
The economic performance of each treatment was assessed from the input costs and 
harvested products of one rice cropping cycle. Besides producing rice, the treatments 
ORB, ORF, ORD, and CRS also produced long beans, fish and/or ducks. The 
investment and potential revenues of these marketable products were included in the 
economic calculations. Input costs consisted of costs for fertilisers (kg), pesticides (kg), 
compost (kg), bio-pesticides (packet), plant seeds (kg), long bean seeds (kg), ducks, 
fish, duck foods (kg), fish foods (kg) and labour (hours). The costs of labour were 
determined from the actual labour input in the experiment and were calculated based on 
farm wage per hour in Indonesian Rupiah (IDR). The revenue from the harvested rice 
(kg), long beans (kg), fish (kg), and ducks (birds) was calculated based on production 
and prices.  The price was determined by the market prices at the time of the 
experiment. The gross margin per treatment was calculated as the difference between 
the revenue and costs. Finally, a cost benefit ratio (revenue:cost or R:C) was calculated 
to indicate the potential returns of the capital invested in each of the main agricultural 
activities (rice, long beans, animals). R:C was calculated dividing the potential 
economic income of selling the agricultural outputs of each agricultural activity by its 
costs. For example, a R:C value of 1.5 indicated that the income of an agricultural 
activity was 50% higher than its costs. 
Statistical analysis  
The data on rice growth and development, weeds and pest assessment, labour inputs, 
nutritional assessment, and economic performance were analysed using software SPSS 
17 software package (SPSS Inc., Chicago, Illinois, USA). The normality of the data was 
analysed by the Shapiro-Wilk test. Square root and square root + 0.5 (Bartlett 1936) 
were used to transform the data that did not meet normality requirements. Analysis of 
variance (ANOVA) was used to test the experimental treatment effects in each different 
dates (DAT), separately followed by Duncan New Multiple Range Test (DNMRT). 
 
Results 
Weed and pest pressure 
The presence of weeds and pests differed between simple and complex treatments 
(Table 1 and Table 2). At 21 days after transplanting the rice (DAT), the average dry 
matter of weed biomass (e.g. Fimbristylis miliacea, Cyperus rotundus and Eclipta 
prostrata) was higher for the monoculture treatments (CON and ORR) compared with 
the other treatments (significantly higher for CON only). At 42 DAT, dry matter of 
weed biomass dry matter was consistently higher in these two treatments in comparison 
to those in more complex treatments with the highest biomass in CON (Table 1). 
[insert Table 1 near here] 
  The numbers of pests (e.g. stem borer (Sciporphaga spp), green leaf hoppers 
(Nephotettix spp), flies (Hydrellia philippina Ferino) and snails (Pomacea 
canaliculata)) were generally lower in the treatments with the integration of ducks 
(ORD and CRS) than those in the treatments without ducks (Table 2). At 70 DAT, the 
number of stem borers was significantly higher in CON than in other treatment plots. 
The number of flies increased along with plant growth with the highest number was in 
CON treatment plots at 70 DAT and 84 DAT. Snail was the main pest in this area that 
always existed throughout the rice growing stage in this experiment with the highest 
number was in ORF and CON treatment plots but zero in the treatments with duck 
integration. 
[insert Table 2 near here] 
 
Rice yields 
Rice yields and yields of other components were significantly different between 
treatments. The highest rice yields were obtained in the ORD and CRS treatments, 
while the lowest productivity was found in the CON treatment (Table 3). CRS and ORD 
yielded 6.2 Mg ha-1, approximately 40% higher than the average rice yield in Lima 
Puluh Kota regency. The higher yields in ORD and CRS treatments were related to 
better plant growth and development. Panicle density and number of grains panicle-1 
were higher in ORD and CRS, while the 1000-grain weight was only lower for CON 
treatment compared to the other treatments. Plant growth and development contribute to 
determining the yields because a faster leaf area expansion can increase plant growth 
and number of tillers as well as the number of panicles. A larger number of tillers was 
also related to a higher grain yield in all growth periods, especially at the initial period 
of panicle growth (28 DAT until 49 DAT) (see Supplementary Table S1-3). 
[insert Table 3 near here] 
 
Nutritional system yields (NSY) 
A higher complexity of the agricultural system increased the diversity of agricultural 
products, which led to higher NSY. The monocultures of CON and ORR resulted in the 
lowest NSY (Figure 1).  Figure 1 shows that CRS produced 22 different nutrients and 
vitamins, CON and ORR only produced 14 different nutritional components. CRS also 
produced more diverse nutritional characteristics than ORD, including the production of 
Vitamin C and manganese. For dietary energy and most macro and micro-nutrients, the 
NSY was significantly higher for CRS and ORD than for any of the other treatments 
(Figure 1). 
The NSY for dietary energy ranged from potentially meeting the requirements of 
34 persons ha-1 year-1 for the CON treatment to 69 persons for the CRS treatment. For 
folate (Vitamin B9), it ranged from 5 persons ha-1 year-1 for CON to 36 for CRS (Figure 
1). Furthermore, CRS also outperformed ORD in terms of protein, phosphorous, 
magnesium, Vitamins B1 (thiamine), B2 (riboflavin), folate B12 and D. Specifically, CRS 
treatment produced ten times higher yields of Vitamins B12 and D than ORD.  
[insert Figure 1 near here] 
 
Labour input 
The total labour input differed between the treatments, as well as the labour allocation 
for weed and pest control and other activities for rice, border crops and animal 
management (Figure 2). The labour input was the lowest for CON, ORR and ORD with 
205, 200 and 204 person days needed respectively in one rice cropping cycle. Despite a 
decrease of labour for weed and pest control from 72 person days in CON to 50 in CRS, 
the complex system required additional labour for both border crops and animals, 
reaching the highest required value (272 person days). Similarly, ORB demanded higher 
labour (238 person days) for the establishment, management and harvesting of the 
border crops. In contrast, lower labour requirement for weeding and pest management 
in ORD (52 person days) was replaced by additional labour on duck management (17.5 
person days). The reduction in pest and weed control was the direct result of the 
suppression of weeds and pests particularly with the integration of ducks in ORD and 
CRS (Table 1 and 2). Labour allocation for the establishment of border crops and ponds 
for fish is required only during the establishment of the treatments ORB, ORF and CRS.  
[insert Figure 2 near here] 
 
Economic system performance 
The increasing complexity of the treatments increased significantly the overall costs, 
revenue, and gross margins of the system (Table 4; Figure 3). In terms of costs, CRS 
required higher investment than monocultures (CON and ORR), particularly the 
inclusion of ducks (ORD and CRS). Similarly, in terms of the potential income, the 
monocultures only produced rice grain resulting in lower revenue compared to other 
treatments. For CRS and ORD, the potential income was generated by both higher rice 
yields and animal production, generating higher gross margins than other systems 
despite their higher costs. Intermediate diversified systems (ORF and ORB) produced 
rice and other complementary agricultural products generating higher gross margin than 
CON and ORR, though the difference for ORB was not statistically significant.  
[insert Table 4 near here]  
Results in gross margins were reflected in the R:C values. The total R:C for 
ORR and ORB were the lowest (1.40 and 1.39, respectively), reaching just 40% higher 
returns than their investment (Table 4). CON and ORF treatments showed almost 
similar values of 1.56 and 1.60, respectively, indicating a similar return for the 
investment, while R:C values of CRS (1.93) and ORD (1.96) were the highest among 
other treatments. A main difference for ORD and CRS was the relatively lower R:C 
values for animal production compared to particular higher R:C values for crop 
production. ORF, with a relatively high R:C value, had intermediate total values for 
costs, revenues and gross margins.  
[insert Figure 3 near here] 
Discussion 
The results of this study confirmed that CRS and other organic systems can limit weeds 
and pests and thus increase rice productivity. Studies reported by Khumairoh et al. 
(2012; 2018) also showed that fish, ducks and border plants are effective agents to 
control weeds and pests without agrochemical inputs. The existence of weeds and pests 
is known to inhibit plant growth and development and to reduce rice yields (Shepard et 
al. 1995; Hakim et al. 2013). Other studies also described how synergies in plant and 
animal husbandry can increase nutrient availability and recycling, enhancing rice yields 
and the overall productivity of the system (Frei and Becker 2005; Long et al. 2013; 
Mofidian and Sadeghi 2015). Consequently, CRS and organic production with ducks 
outperformed conventional systems by almost 77% higher rice yields, while adding 
complementary plant and animal-based foods. 
Similar results have been reported in other studies: integrating fish into rice 
fields increased grain production by 7.9-8.6% in India (Mohanty et al. 2004); keeping 
ducks in rice fields increased grain yields by 20% in Bangladesh (Hossain et al. 2005); 
raising ducks in rice fields almost doubled grain production in organic systems in China 
(Teng et al. 2016); raising ducks in rice fields also led to higher grain supply in 
Indonesia and Iran (Khumairoh et al. 2012; Mofidian and Sadeghi 2015). Additionally, 
Khumairoh et al. (2018) demonstrated that CRS can maintain these yield gains over at 
least three cropping periods generating more stable and reliable rice yields, even under 
unfavourable weather conditions.  
This study corroborated CRS potential to yield more diverse and higher 
nutritional systems than simpler agricultural systems by producing both plant and 
animal-sourced foods. Fish, duck meat, rice grains and beans contain fibre, 
macronutrients and micronutrients, contributing to both food and nutrition security 
(Ng’endo et al. 2015). Specifically, the nutritional analysis showed that CRS can 
produce foods with higher contents of iron, zinc and Vitamin A, which are of particular 
importance for the human wellbeing of households depending on rice-based diets 
(Gibson et al. 2000, Black et al. 2008, Shaw et al. 2011, Dipti et al. 2012). These 
findings also confirmed that the careful design of more integrated and diverse farming 
approaches such as CRS can ensure a higher dietary diversity compared to 
monocultures, which is not always the case for diverse small-scale farming (Powell et 
al. 2015, Sibhatu et al. 2015). The promotion of CRS and similar food production 
systems can help to accelerate nutrition targets of the SDGs and other similar initiatives 
(Ng’endo et al. 2015; Powell et al. 2015; Mburu et al. 2016). The progress of achieving 
these targets has been slow (Schipanski et al. 2016), especially for small-scale farmers 
in developing countries (Bonnin and Turner 2011, Fan and Brzeska 2016; Timler et al. 
2020). 
This study also confirmed the capability of CRS and other organic systems to 
reduce chemical and hazardous inputs while increasing food production and nutrition in 
small-scale rice production. Organic production does not use pesticides and herbicides 
reducing risks for human health and water pollution, which are common hazards of 
conventional rice-production in developing countries (Parveen and Nakagoshi 2001, 
Lamers et al. 2011, Stadlinger et al. 2011). CRS as other agroecological approaches can 
foster biodiversity and pollination in rice fields by diversifying crops (long beans and 
sunn hemp) and limiting the use of harmful pesticides (Westphal et al. 2015).      
The analyses in labour suggested that adopting CRS will require changes in the 
amount of labour and its allocation. Similar studies have reported that the integration of 
animals in small-scale rice production also can reduce labour demand for both pest 
control (Yang et al. 2004; Hossain et al. 2005; Frei and Becker 2005; Zhang et al. 
2009b; Liang et al. 2013; Liang et al. 2014; Teng et al. 2016) and weeding (Liu 1998; 
Men et al. 2002; Frei and Becker 2005; Zhang et al. 2009a and Khumairoh et al. 2012). 
A reduction in labour for pest and weed suppression and an increase in rice productivity 
indicated higher labour efficiencies in rice fields, reducing labour demand for these 
management practices particularly in CRS and organic systems with ducks.  
Regardless of the benefits offered, the adoption of CRS and organic systems 
with border crops will demand higher labour input in the short term, which is often a 
limiting resource for small-scale farming (White et al. 2005, Tittonell et al. 2009). 
However, Khumairoh et al. (2018) demonstrated how after the border crops and the 
ponds had been established, the labour input required was lower in CRS than in 
monocultures (CON and ORR) for the following cropping seasons. Similarly, the 
potential use of border crops and residues as organic fertiliser for the following rice 
growing seasons can reduce future labour allocation for composting in these organic 
systems. These potential effects indicate that the establishment of CRS and similar 
production systems can generate additional longer term benefits in labour allocation 
similar to the ones reported by Khumairoh et al. (2018).  
The economic analysis showed that increasing the diversity of the agricultural 
system can generate greater economic benefits as well as incur higher investment costs. 
The gross margin for the CRS treatment almost quadrupled those of conventional 
systems. These results supported previous findings describing how the use of animals 
increased the potential economic benefits of rice production generating higher net 
returns by increasing the yields, diversifying the agricultural products and reducing the 
costs (Hossain et al. 2005, Khumairoh et al. 2012). A potential increase in agricultural 
income can strongly contribute to the sustainability and resilience of small-scale rural 
households. However, to enjoy the potential economic benefits of CRS and more 
diverse systems, farmers would require higher initial capital.   
Higher demands for labour and financial capital highlighted potential trade-offs 
in CRS adoption, which are common in the up-scaling of more sustainable agricultural 
systems in small-scale farming (e.g. Bisseleua et al. 2009, Valbuena et al. 2012, 
Gathorne-Hardy et al. 2016). An alternative to reduce such trade-offs is to promote 
more targeted and/or transitional changes in small-scale rice farming. For example, CRS 
or specific system components might be more suitable for farmers with particular 
objectives and resources (Pannell et al. 2014). This is particularly relevant with the 
integration of fish and/or ducks in the rice fields, which demanded less labour and initial 
investment than CRS while still increasing rice yields, nutrition values and gross 
margins compared to rice monocultures. Related to this, the tailoring of information and 
incentives is fundamental to persuade farmers to shift to more sustainable agricultural 
practices (Cordingley et al. 2015, Liu et al. 2018). Institutional support and more co-
innovative participatory approaches are also essential to inform, empower and train 
farmers on the know-how, limitations and advantages of CRS and other diverse 
agricultural systems (Khumairoh et al. 2018). A next step in further evaluating CRS 
potential is to test its performance at both farm and community levels, elucidating how 
farmers will deal with these potential trade-offs and how different farmers will adapt 
and adopt CRS or its individual components.  
CRS are promising production systems that can benefit small-scale farmers in 
Western Sumatra and rice producers in similar social-environmental contexts (e.g. 
Khumairoh et al. 2012). CRS can be locally tailored to yield more abundant, nutritious 
and diverse food while reducing negative environmental impacts. CRS, with its 
complexity, can be part of a solution to reduce food insecurity, malnutrition and poverty 
in rice-producing countries. The purpose of designing CRS and other innovative 
agricultural systems is to empower small-scale farmers to obtain additional income, 
have safe working conditions and improve their dietary standards (Kathiresan 2007; 
Ng’endo et al. 2015; Herforth and Ahmed 2015; Fiorella et al. 2016), while 
transitioning to food systems that enhance ecosystem services and reduce environmental 
degradation (Potts et al. 2016; IPCC 2019). 
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Table 1. Average (± standard deviation) total dry matter of weeds. CON, conventional 
rice system; ORR, organic rice system; ORB, organic rice with border crops; ORF, 
organic rice with fish; ORD, organic rice with ducks; CRS, organic complex rice system 
with ducks, fish, and border crops. Values in columns followed by the same letter are 
not significantly different at p < 0.05.    
Treatment Total dry matter weeds (g m-2)  
21 DAT 42 DAT 
CON 20.7 ± 3.59 b 89.9 ± 21.17 c 
ORR 14.5 ± 1.77 ab 50.6 ± 20.60 b 
ORB   8.9 ± 0.67 a 15.7 ± 3.31 ab 
ORF   7.9 ± 1.24 a 32.1 ± 8.44 ab 
ORD   9.9 ± 1.85 a 8.7 ± 4.44 a 













Table 2. Average (± standard deviation) the number of stem borer (Sciporphaga spp), 
green leafhopper (Nephotettix spp), flies (Hydrellia philippina Ferino), rice bugs 
(Leptocorisa spp) and snail (Pomacea canaliculata). CON, conventional rice system; 
ORR, organic rice system; ORB, organic rice with border crops; ORF, organic rice with 
fish; ORD, organic rice with ducks; CRS, organic complex rice system with ducks, fish, 
and border crops. Values in columns, within sampling dates, followed by the same letter 




  Stem borer Green leafhopper Flies Rice bug Snail 
28 DAT 
CON 3.0 ± 3.00 a 3.0 ± 1.15 a 32.7 ± 14.88 a 4.7 ± 1.67 b 11.7 ± 1.86 b 
ORR 0.7 ± 0.33 a 1.7 ± 0.67 a 10.7 ± 5.61 a 0.7 ± 0.67 a 14.3 ± 2.73 bc 
ORB 0.3 ± 0.33 a 0.7 ± 0.67 a 30.7 ± 16.91 a 0.7 ± 0.33 a 25.3 ± 5.24 cd 
ORF 0.3 ± 0.33 a 0.3 ± 0.33 a 14.7 ± 6.17 a 0.0 a 32.7 ± 7.88 d 
ORD 0.0 a 1.7 ± 1.67 a   7.7 ± 3.18 a 0.0 a   0.3 ± 0.33 a 
CRS 0.7 ± 0.67 a 0.3 ± 0.33 a   3.3 ± 0.88 a 0.3 ± 0.33 a   0.0 a 
49 DAT 
CON 4.0 ± 1.53 a 3.0 ± 0.58 ab 23.3 ± 3.76 ab 8.7 ± 4.26 b 26.7 ± 0.88 ab 
ORR 7.0 ± 3.21 a 4.3 ± 0.33 b 38.3 ± 7.22 b 9.3 ± 2.96 b 17.3 ± 2.40 a 
ORB 3.3 ± 1.45 a 2.7 ± 0.33 ab 29.0 ± 8.14 ab 5.7 ± 2.60 ab 26.0 ± 7.81 ab 
ORF 2.0 ± 0.58 a 2.0 ± 0.58 a 26.7 ± 7.13 ab 2.3 ± 0.33 ab 53.0 ± 18.01 b 
ORD 3.0 ± 2.52 a 1.7 ± 0.33 a 18.7 ± 7.17 a 0.3 ± 0.33 a   0.0 a 
CRS 1.0 ± 0.58 a 2.0 ± 0.00 a 11.3 ± 2.40 a 1.3 ± 1.33 a   0.0 a 
70 DAT 
CON 2.0 ± 1.00 c 1.3 ± 1.33 a 27.0 ± 3.06 c 3.3 ± 0.33 b 57.3 ± 6.69 c 
ORR 1.3 ± 0.33 bc 0.0 a 14.0 ± 1.15 ab 0.3 ± 0.33 a 22.0 ± 4.58 ab 
ORB 1.0 ± 0.58 abc 2.0 ± 1.00 a 12.0 ± 3.00 ab 0.0 a 32.0 ± 4.51 b 
ORF 0.3 ± 0.33 abc 1.0 ± 0.58 a 19.0 ± 7.57 bc 0.3 ± 0.33 a 62.3 ± 17.85 c 
ORD 0.0 a 1.0 ± 0.00 a   8.3 ± 3.06 a 1.0 ± 1.00 a   0.0 a 
CRS 0.0 a 0.3 ± 0.33 a   8.0 ± 2.03 a 0.3 ± 0.33 a   0.0 a  
84 DAT 
CON 0.0 a 1.0 ± 1.00 a   9.0 ± 1.00 c 4.3 ± 0.33 a 16.3 ± 1.20 c 
ORR  0.3 ± 0.33 a 0.0 a   6.7 ± 1.45 bc 2.3 ± 1.20 a 12.0 ± 1.15 b 
ORB  0.0 a 1.0 ± 0.58 a   6.7 ± 2.33 bc 2.0 ± 0.58 a 14.7 ± 0.33 b 
ORF  0.0 a 1.0 ± 0.58 a   8.7 ± 0.88 c 2.7 ± 0.67 a 16.7 ± 0.88 b 
ORD  0.0 a 1.3 ± 0.33 a   4.7 ± 1.33 b 3.0 ± 1.15 a   0.0 a 






Table 3. Average (± standard deviation) rice yield and yield components. CON, 
conventional rice system; ORR, organic rice system; ORB, organic rice with border 
crops; ORF, organic rice with fish; ORD, organic rice with ducks; CRS, organic 
complex rice system with ducks, fish, and border crops. Values in columns followed by 
the same letter are not significantly different at p < 0.05.   








CON 1320 ± 40.8 a 108 ± 2.4 a 18 ± 0.3 a 3.5 ± 0.20 a 
ORR 1567 ± 24.2 c 122 ± 2.1 b 20 ± 1.0 b 4.5 ± 0.16 b 
ORB 1515 ± 47.0 bc 127 ± 6.8 b 21 ± 1.0 b 4.6 ± 0.44 b 
ORF 1681 ± 78.8 c 139 ± 3.0 c 21 ± 0.7 b 5.1 ± 0.16 b 
ORD 1940 ± 56.1 d 145 ± 0.4 c 22 ± 0.6 b 6.2 ± 0.30 c 




Table 4. Average (± standard deviation) of costs, revenues, gross margins and R:C ratio 
per rice cropping cycle. CON, conventional rice system; ORR, organic rice system; 
ORB, organic rice with border crops; ORF, organic rice with fish; ORD, organic rice 
with ducks; CRS, organic complex rice system with ducks, fish, and border crops. 
MIDR, million Indonesian Rupiah. Values in columns followed by the same letter are 
not significantly different at p < 0.05.   












CON 12.3 ± 0.18 a 19.2 ± 1.19 a   6.9 ± 1.17 a 1.56 - - 
ORR 18.0 ± 0.13 b 25.2 ± 0.82 b   7.2 ± 0.95 a 1.40 - - 
ORB 20.2 ± 0.07 c 28.3 ± 2.30 b   8.1 ± 2.24 ab 1.39 1.45 - 
ORF 22.9 ± 0.00 d 35.4 ± 1.22 c 12.4 ± 1.22 b 1.60 - 1.38 
ORD 37.6 ± 0.29 e 59.3 ± 1.58 d  21.6 ± 1.36 c 1.96 - 1.25 





Figure 1. Nutritional system yields from each treatment. CON, conventional rice system; 
ORR, organic rice system; ORB, organic rice with border crops; ORF, organic 
rice with fish; ORD, organic rice with ducks; CRS, organic complex rice system 
with ducks, fish, and border crops. Any of the six connected columns (means ± 
SD) with different letters on top of the bars were significantly different (p < 0.05), 




Figure 2. Labour input for each treatment. CON, conventional rice system; ORR, 
organic rice system; ORB, organic rice with border crops; ORF, organic rice 
with fish; ORD, organic rice with ducks; CRS, organic complex rice system 




Figure 3. Costs and revenue of the main components for each treatment. CON, 
conventional rice system; ORR, organic rice system; ORB, organic rice with 
border crops; ORF, organic rice with fish; ORD, organic rice with ducks; CRS, 
organic complex rice system with ducks, fish, and border crops. 
 
Supplementary Figure and Tables 
 
 
Figure S1. Design layout of experiments. The biggest (orange) box in the centre of the 
plots: a sampling area for grain yield and the yield component measurements; the 










Table S1. Average (± standard deviation) for plant height of the rice. CON, 
conventional rice system; ORR, organic rice system; ORB, organic rice with border 
crops; ORF, organic rice with fish; ORD, organic rice with ducks; CRS, organic 
complex rice system with ducks, fish, and border crops. Values in columns followed by 
the same letter are not significantly different at p < 0.05.   
 
Treatment Plant height (cm) 
28 DAT 49 DAT 70 DAT 84 DAT 
CON 47.8 ± 2.42 a 70.1 ± 6.61 a 106.5 ± 1.25 a 111.2 ± 1.78 a 
ORR 50.7 ± 2.95 a 86.5 ± 6.89 b 115.9 ± 1.26 a 119.0 ± 3.02 a 
ORB 46.3 ± 0.65 a 81.4 ± 4.79 ab 111.2 ± 5.26 a 111.4 ± 7.64 a 
ORF 47.1 ± 2.53 a 78.3 ± 6.16 ab 110.2 ± 9.24 a 114.5 ± 5.67 a 
ORD 44.4 ± 1.04 a 78.3 ± 5.81 ab 114.2 ± 9.98 a 117.9 ± 9.78 a 











Table S2. Average (± standard deviation) number of tillers. CON, conventional rice 
system; ORR, organic rice system; ORB, organic rice with border crops; ORF, organic 
rice with fish; ORD, organic rice with ducks; CRS, organic complex rice system with 
ducks, fish, and border crops. Values in columns followed by the same letter are not 
significantly different at p < 0.05.   
 
Treatment Number of tillers  
28 DAT 49 DAT 70 DAT 84 DAT 
CON 15.2 ± 2.68 a 20.9 ± 4.84 a 19.9 ± 1.57 a 15.3 ± 0.15 a 
ORR 18.2 ± 2.36 a 26.4 ± 5.82 ab 20.2 ± 1.88 a 18.1 ± 0.82 b 
ORB 18.8 ± 1.50 a 26.7 ± 4.50 abc 23.7 ± 3.00 b 18.8 ± 0.62 b 
ORF 21.8 ± 5.25 a 31.2 ± 2.92 bc 24.6 ± 1.70 b 20.5 ± 1.06 c 
ORD 14.8 ± 0.67 a 33.1 ± 1.64 bc 25.5 ± 0.54 bc 22.8 ± 1.03 d 




Table S3. Average (± standard deviation) leaf area index. CON, conventional rice 
system; ORR, organic rice system; ORB, organic rice with border crops; ORF, organic 
rice with fish; ORD, organic rice with ducks; CRS, organic complex rice system with 
ducks, fish, and border crops. Values in columns followed by the same letter are not 
significantly different at p < 0.05.   
 
Treatment Leaf Area Index 
28 DAT 49 DAT 70 DAT 84 DAT 
CON 0.8 ± 0.17 a 2.3 ± 0.94 a 2.5 ± 0.24 a 2.1 ± 0.33 a 
ORR 1.1 ± 0.26 a 3.3 ± 1.00 b 3.0 ± 0.13 ab 2.7 ± 0.29 ab 
ORB 1.0 ± 0.16 a 2.6 ± 0.78 ab 2.9 ± 0.59 a 2.6 ± 0.48 ab 
ORF 1.0 ± 0.28 a 2.7 ± 0.63 ab 3.1 ± 0.67 abc 2.7 ± 0.26 ab 
ORD 0.7 ± 0.05 a 3.0 ± 0.52 ab 4.0 ± 0.68 bc 3.2 ± 0.44 b 
CRS 1.1 ± 0.18 a 3.4 ± 0.80 b 4.1 ± 0.17 c 3.0 ± 0.23 b 
 
 
 
 
 
